ABSTRACT: This paper analyzes wall deflection and ground surface settlement due to deep excavation. 21 case histories of Tianjin subway line 6 are collected and analyzed. And the results are compared with previous field studies worldwide. The mean value of maximum wall deflection δ hm is 0.11%H, in which H is the excavation depth. The upper limit of δ hm is 0.44%H when H is less than 8m and 35mm when H is more than 8m. When excavation finished, δ hm ranges from 0.02%H to 0.24%H with an average value of 0.12%H. The depth of maximum wall deflections H δhm is within 0.75H±8m and the average H δhm is 0.69H when excavation finished. It's greatly affected by the embedded depth ratio. H δhm can be predicted by exponential function more accurately. The distribution of δ vm generally extends to a distance of 2H from the diaphragm wall. The bound of stiff clay line proposed by Clough and O'Rourke (1990) and bilinear curve proposed by Erin H. Y. Leung (2007) can be used as the upper bound for ground surface settlement for excavation of Tianjin subway line 6. The ratio between δ vm and δ hm generally ranges from 0.34 to 2.66, with an average value of 1.13. It's consistent with the average value of 1.21 collected from literature in similar soil conditions. This paper is a reference for design and construction of Tianjin's deep excavation of subway station.
INTRODUCTION
With the development of urban underground space, lots of subway lines are constructed in the need of transportation during these years. Deep excavations for the subway station in Tianjin are facing severe challenges because the excavation region becomes larger and the excavation bottom turns to deeper. The environment around them is tenser and the consequence of excavation accident is more serious than before. The safety of deep excavation has been concerned by the country. For the safety and stability of excavation and the environment, it's important to come up some local criterion about deformation design to make sure their safety.
Since 1960s, many researchers have conducted a series of researches on field performance and made great progress. Lots of researchers are studied from worldwide, such as Peck (1969) , Goldberg (1976) , Mana and Clough (1981) , et al. Their studies not only improve understanding of performance of deep excavation, but also give guidelines for engineers to estimate the magnitude of movements and check the correctness of numerical analysis of deep excavations. Other scholars analyzed field performance based on local experience. Such as Ou (1993) and Wong & Patron (1993) researched on Taiwan soft soil; Carder (1995) researched on Great Britain relative stiff soil; Masuda (1993) researched on Japan clay; Wong (1997) researched on Singapore for different soft soil thickness; Yoo (2001) researched on Korea clay and rock; Leung and Ng (2007) researched on Hong Kong urban soil; Wang (2010) researched on Shanghai soft soil and Li (2013) researched on Beijing hard soil, and so on. Their findings are more representative and more suitable as a local pit design standards. This paper collects wall deflection and ground surface settlement of 21 deep excavations in Tianjin subway line 6. The deformation shape is simplified into two kinds as shown in Fig. 1 . H is the excavation depth. h is the wall depth. For the early excavation stage, the wall is cantilever shape. The maximum wall deflection δ hm locates at the wall top and the maximum surface settlement δ vm is near the wall. After then, the wall is concave shape, the depth of δ hm is H δhm from the wall top and the distance of δ vm is d δvm from the wall. The relationship between δ hm and δ vm is also discussed and compared with historical cases. This paper intends to give some guidelines for predicting likely movements due to deep excavation of Tianjin subway station as well as evaluating the design quality. 
CONCERNING DETAILS OF DEEP EXCAVATIONS IN TIANJIN
The soil layer in Tianjin is slightly inclined to Bohai Sea. Thick depositions of Holocene series and upper Pleistocene soil are of more important concerning for engineering constructions. Tab. 1 shows geotechnical and hydrological parameters in the shallow 50m. l is the thickness of the soil layers. γ is the soil unit weight. e is the void ratio. k is the permeation coefficient. I p is the plastic index. Es 1-2 is the modulus of compression when pressure increasing from 100kpa to 200kpa. c' is the effective cohesion. φ' is the effective angle of internal friction. N is the blow count from the standard penetration test.
The layers are consisted of backfill, very soft grayish dark silty clay, brownness soft clay, sand clay and grayish stiff sand clay from top to down. The top layer is less than 4.0 m in general. The second grayish dark silty clay only appears in a few places. The thickness of this layer is 0~8 m. It has large void ratio (1.07) and the largest plasticity index. The third layer is brownness soft clay with a thickness of 7~22m. It's in a medium plastic and high compressible state. Beneath this layer is 4~17m thick sand clay with the highest shear strength and coefficient of permeability among these shallow soil layers. The fifth layer is grayish stiff sand clay with a thickness of 8~14 m. Its plastic is low to medium and often used to be the bearing stratum. The groundwater table is generally 0.5~1.0m below the ground surface. The details of deep excavation from Tianjin subway line 6 is shown in Tab. 2. The length of the deep excavation L is from 150m to 500m with an average value of 234m. The width B is varied from 20m to 50m with a mean value of 26m. The average ratio of length to width L/B is about 10. It shows that the plane shape of excavation is strip. The average excavation depth H and wall depth h are 20m and 37m respectively. The wall thickness s is 0.8m or 1m. The support system is diaphragm wall with temporary props. CS means the reinforced concrete struts and SS means the steel struts. Most of the cases are excavated into four or five layers. 
The data is extracted from the middle length of the excavation. A diaphragm wall usually has relatively high stiffness and provides effective water tightness. And it's usually adopted as the retaining wall and the outside wall of a basement. The temporary props are often steel pipes and concrete struts. There are no obvious difference between bottom up method and top down method based on Long's (2001) study.
The data come from steps which divided by set up the support system and excavating to the next floor. Moormann (2004) collected data from worldwide experiences and defined soft soil as the undrained shear strengths (S u ) less than 75~100kPa. Wong (1997) referred soft soil to its SPT N value ranging from 0 to 5. From Tab. 1 we know that the second layer in Tianjin is soft soil. But it only appears in very few places and no-uniform. As a consequence, these 21 case histories are analyzed as a whole in this paper. The wall bottom bearing layer is generally the fourth and fifth layer according to Tab. 1, where the SPT N values of these layers are more than 18.
ANALYSIS OF WALL DEFLECTION

Analysis of Maximum Wall Deflection
The maximum wall deflection against the excavation depth of these cases is plotted in Fig. 2(a) . It shows that there is a tendency of δ hm increases with H. The average δ hm /H is 0.11%. The upper limit of δ hm is 0.44%H when H is less than 8m and 35mm when H is more than 8m. The reason for this phenomenon is the geological conditions and the construction control. Fig. 2(b) shows δ hm /H ranging from 0.02% to 0.24% with an average value of 0.12% when excavation finished.
Many researchers have studied the ration between δ hm and H, see in APPENDIX Tab. A. δ hm /H in this paper is similar to 0.1%H of hard soil in Beijing (LI 2013) and 0.13%H~0.23%H of inner supported excavations in Hong Kong (Leung and Ng 2007) . The result is much smaller than other case histories in soft soils as shown in Tab. A. Tab. A is also used to compare with the ratio of δ vm to δ hm analyzed below. 
Analysis of Depth of Maximum Wall Deflection
The depth of maximum wall deflection H δhm is also a key factor influencing the safety of excavation. The relationship between H δhm and H is shown in Fig.  3 . There's a large scatter in these data but a slightly tendency of H δhm increase with H. Fig. 3 shows H δhm is in the range of (0.75H±8m). And the average value of H δhm is 0.69H for the finial data. The deflection curve is mostly type 2 according to Fig. 1 . It's similar to the study by Wang (2010) of 0.5H to 1.4H with an average value of 0.95H of Shanghai.
The depth of maximum wall deflection is affected by embedded depth ratio deeply. The embedded depth ratio is defined as (h-H)/H. Li (2013) analyzed the embedded depth ratio is about 0.3 and the depth of maximum lateral wall deflection is about (0.58H±5m) of deep excavations in Beijing. Moormann (2004) analyzed database worldwide. He summed up that the embedded depth ratio varies between 0.1 and 2.0 with an average value of 0.92 and the average H δhm is about 1.0H. Xu (2008) collected cases of deep excavations in Shanghai and found out the average embedded depth ratio is 1.11 which is near the dredge level. The average embedded depth ratio in this paper is 0.89 and H δhm is 0.69H~0.88H. There is a tendency of H δhm increasing with the embedded depth ratio.
Normalized depth of maximum wall deflection H δhm /H against excavation depth H is depicted in Fig.4 ). The fitting quality is 0.684. 
ANALYSIS OF GROUND SURFACE SETTLEMENT
Analysis of Maximum Ground Surface Settlement
The ratio between the maximum ground surface settlement δ vm and the excavation depth H is 0.11%, which is similar to that observed in stiff clays and sands (Clough and O'Rourke 1990) , British hard soil (Fernie and Suckling 1996) and Hong Kong's fill, clay, ice clay (Hashash 2007) where an average δ vm of 0.15%H (see in Tab. A).
The distribution of normalized ground surface settlement (δ v /H) is shown in Fig. 5 . The deflection curve is mostly type 2 according to Fig. 1 . Peck (1969) divided distribution area of δ vm /H against d/H into three zones. The red dash line is plotted to distinguish zone I for sand and soft to stiff clay and zone II for very soft to soft clay. The maximum influence scope in this paper extends to a distance of 2H from the diaphragm wall. It's similar to 2H observed in soft clay and sand but less than 3H in stiff clay according to Peck (1969) . Most of the ground surface settlement fall into zone I. The magnitude of the measured ground surface settlement is substantially smaller than those observed in similar ground conditions by Peck (1969) . Wang (2010) proposed a triangular bound (dash dot line shown in Fig. 5 ) with maximum ground surface settlement of 0.90%H and the main settlement influence zone extend to 2H for excavations supported by diaphragm wall in Shanghai soft soil. It seems that the line proposed by Wang (2010) is not suitable for ground surface settlement in deep excavation of Tianjin's relatively stiff soil. Clough and O'Rourke (1990) produced two line bounds for sand and stiff clay which is also shown in Fig.5 (solid line). It seems that the line distinguishes sand and stiff clay proposed by Clough and O'Rourke (1990) is suitable to be used as the upper bound of ground surface settlement for deep excavation in Tianjin.
Ground surface settlement normalized by the maximum settlement δ v /δ vm versus normalized distance from wall d/H is shown in Fig. 6 . δ v /δ vm near the diaphragm wall ranges from 0 to 1.0 because the data coming from the intermediate and finial stages. The dash trilinear curve proposed by Hsieh and Ou (1998) is not enough for deep excavations in Tianjin. The dash dot bilinear curve proposed by Leung (2007) for Hong Kong complex soil keeps constant when d/H from 0 to 1.0, then lining attenuate from 1.0 to 0 when d/H increasing from 1.0 to 2.5. It seems that the bilinear curve proposed by Leung (2007) is suitable to be the upper bound for cases in this paper. proposed by Peck(1969) proposed by Wang(2010) proposed by Clough(1990) 
Relationship between Maximum Wall Deflection and Maximum Ground Surface Settlement
Fig . 7 illustrates the relationship between the maximum ground surface settlement δ vm and the maximum wall deflection δ hm . The upper and lower bound of δ vm are 0.34δ hm and 2.66δ hm , with an average value of 1.13δ hm . Peck (1969) has analyzed δ vm /δ hm equals to 1 by the formation loss method. The result in this paper is a little big than Peck's.
Wall deflection and ground settlement by deep excavation in clay from studies worldwide of Tab.A is shown in Fig. 8 . δ vm /δ hm range from 0.39 to 2.17 with an average of 1.21. The result in this paper is 1.13 which is broadly confirmed to the historical studies. 
SUMMARY AND CONCLUSIONS
This study analyzed wall deflection and ground surface settlement based on 21 case histories in Tianjin subway line 6. Key features of wall and ground surface deformation such as magnitude and depth of the maximum wall deflection, ground surface settlement and its distribution, the relationship between the maximum ground surface settlement and the maximum wall deflection are analyzed. The results are also compared with previously studies worldwide. Based on the analysis, the following conclusions can be drawn:
1) The maximum wall deflection increases with the excavation depth. The average δ hm is 0.11%H. The upper bound is 0.44%H when H is less than 8m and 35mm when H is more than 8m. When excavations are finished, δ hm /H is between 0.02% and 0.24% with an average value of 0.12%.
2) The depth of maximum wall deflection increases with the excavation depth. H δhm is within (0.75H±8m), with an average value of 0.69H. H δhm increases obviously with the embedded depth ratio. The deformation curve of H δhm can be fitted by an exponential function more accurately.
3) The distribution of ground surface settlement generally extends to a distance of 2H from the diaphragm wall. The bound of stiff clay line proposed by Clough and O'Rourke (1990) and bilinear curve proposed by Leung (2007) can be used as the upper bound for ground surface settlement of deep excavations in Tianjin Subway line 6.
4) The ratio between δ vm and δ hm generally ranges from 0.34 to 2.66 with an average value of 1.13. The results are consistent with studies worldwide.
